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Abstract 

The  slow  oxygen  reduction  reaction  (ORR)  kinetics  on  Pt  catalysts  is  among  the  most  limiting  factors  in  the  energy  conversion  efficiency 
of  the  state-of-the-art  PEMFC.  Also,  Pt  is  scarcely  available  at  a  high  price.  Alternative  materials  are  therefore  highly  sought  for  fuel  cell 
applications.  This  review  will  concentrate  on  the  electrochemical  ORR  on  non-Pt  catalysts,  especially  the  experimental  development  during 
the  past  five  years.  Emphasis  is  placed  on  the  understanding  of  the  fundamental  materials  chemistry.  This  understanding  seems  pivotal  for 
new  designs  of  PEM  cathode  materials.  Future  outlooks  are  provided  for  researchers  in  engineering  to  select  promising  candidates  for  ORR. 
©  2005  Elsevier  B.Y.  All  rights  reserved. 
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Fuel  cell  vehicles  (FCVs)  represent  a  radical  departure 
from  vehicles  with  conventional  internal  combustion  engines. 
FCVs  can  be  fueled  with  pure  hydrogen  gas  or  hydrogen-rich 
fuels,  such  as  methanol,  natural  gas,  or  even  gasoline.  FCVs 
fueled  with  pure  hydrogen  emit  no  pollutants  -  only  water 
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and  heat  -  while  those  using  hydrogen-rich  fuels  produce 
only  small  amounts  of  air  pollutants.  In  addition,  FCVs  can 
be  twice  as  efficient  as  similarly  sized  conventional  vehi¬ 
cles  and  may  also  incorporate  other  advanced  technologies 
to  increase  efficiency  [1].  A  polymer  electrolyte  membrane 
(PEM)  fuel  cell,  shown  in  Fig.  1,  consists  of  two  elec¬ 
trodes  and  one  membrane  separating  the  two  electrodes.  PEM 
fuel  cells  are  the  most  promising  type  for  FCV  commercial 
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high  materials  cost.  Gold  and  silver  are  also  included  in  this 
group  simply  because  of  the  cost  relevance. 


Fig.  1.  Simplified  PEM  fuel  cell  reactions. 


1.1.  ORR  catalyzed  on  bulk  noble  metals 


realization  because  they  can  be  operated  at  close  to  ambi¬ 
ent  temperature  range  60-80  °C.  As  illustrated  in  Fig.  1, 
there  are  two  types  of  electrochemical  reactions  occurring 
at  the  surfaces  of  the  electrodes  of  a  hydrogen  PEM  fuel  cell 
(PEMFC),  oxidation  of  hydrogen  at  the  anode  and  reduc¬ 
tion  of  oxygen  at  the  cathode.  Platinum-based  catalysts  are 
widely  used  as  the  anodic  electrode  material  for  hydrogen 
oxidation.  The  hydrogen  oxidation  reaction  has  a  lower  oxi¬ 
dation  overpotential  and  a  higher  kinetic  rate.  On  the  cathodic 
side,  however,  the  low  reaction  rate  of  the  oxygen  reduc¬ 
tion  reaction  (ORR)  leads  to  a  higher  reduction  overpotential 
in  the  performance  condition  of  PEMFC.  The  slow  ORR 
kinetics  on  Pt  catalysts  is  among  the  most  limiting  factors 
in  the  energy  conversion  efficiency  of  the  state-of-the-art 
PEMFC.  Also,  Pt  is  scarcely  available  at  a  high  price.  Alter¬ 
native  materials  are  therefore  highly  sought  for  fuel  cell 
applications. 

Improved  cathode  catalysts  would  have  a  dramatic  impact 
on  the  fuel  cell  efficiency.  In  this  review,  we  will  concentrate 
on  the  electrochemical  ORR  on  non-Pt  catalysts,  especially 
the  experimental  development  during  the  past  five  years  from 
peer-reviewed  journal  publications.  A  few  examples  of  ORR 
in  basic  aqueous  solutions,  which  would  be  for  alkaline  fuel 
cell  applications,  or  in  physiological  conditions  with  biolog¬ 
ical  importance,  will  be  included  in  hope  of  modifications 
on  those  structures  to  be  made  to  suit  PEMFC.  The  objec¬ 
tive  of  this  work  is  to  provide  a  present,  concise  survey  in 
materials  development  related  to  ORR,  to  help  researchers  in 
engineering  more  effectively  select  concerted  candidates  for 
this  important  fuel  cell  reaction. 


1.  ORR  catalyzed  by  noble  metal  electrodes 

Catalytic  activities  of  noble  metals  toward  ORR  can  be 
grouped  into  two  general  categories,  on  metal  slabs  and  on 
metal  nanoparticles.  We  will  start  discussion  the  ORR  cat¬ 
alyzed  by  bulk  noble  metals,  followed  by  nanoparticulate 
systems.  The  term  noble  metals  indicate  the  fifth  and  sixth 
period,  group  8B  elements.  These  elements  are  known  excel¬ 
lent  catalysts  for  many  chemical  reactions,  yet  usually  with 


ORR  process  includes  several  individual  reactions 
(Scheme  1).  For  electrochemical  catalytic  ORR  analysis, 
two  general  processes  are  examined  mostly;  each  process 
may  contain  a  few  discrete  steps.  One  is  production  of  water 
through  a  four-electron  pathway,  and  the  other  is  production 
of  hydrogen  peroxide  through  a  two-electron  pathway.  The 
desired  feature  for  a  successful  ORR  catalyst  would  reduce 
oxygen  molecules  to  water  through  the  four-electron  route. 
Incomplete  reduction  of  oxygen  to  hydrogen  peroxide  not 
only  leads  to  low  energy  conversion  efficiency,  but  also  pro¬ 
duces  this  reactive  intermediate  that  can  further  convert  to 
harmful  free  radical  species.  ORR  on  ruthenium  in  alkaline 
solution  has  been  analyzed  through  cyclic  voltammetry  (CV) 
and  rotating  ring-disk  electrode  (RRDE)  techniques  [2] .  The 
C  V  experimental  data  indicate  formation  of  ruthenium  oxide 
during  the  reverse  scan  (anodic  curves).  The  ring  currents 
from  the  RRDE  experiment  correspond  to  the  oxidation  of 
peroxide;  the  small  values  indicate  a  four-electron  ORR  pro¬ 
cess  (Fig.  2).  However,  the  study  was  conducted  in  alkaline 
solution,  so  the  results  need  to  be  modified  for  PEMFC  pur¬ 
pose.  Instead  of  pure  ruthenium  metal,  a  slab  of  Ru  surface 
was  used  to  support  copper  as  the  ORR  catalyst  [3].  Scan¬ 
ning  tunneling  microscope  (STM)  images  demonstrate  Cu 


E,  Volts  vs.  Hg  /  HgO 


Fig.  2.  Rotating  ring-disk  currents  for  oxygen  reduction  on  Ru  electrode  in 
O2  saturated  0.1  M  KOH  at  25  °C.  Dotted  lines:  reverse  scan.  Solid  lines: 
forward  scan  (reproduced  from  [2]  by  permission  of  Elsevier). 
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Fig.  3.  50  nm  x  30  nm  STM  images  showing  the  adsorption  of  O2  at  300  K  on  1  and  2  ML  of  Cu  grown  on  Ru(0  001).  The  exposure  is  (a)  0.2  L  and  (b)  5.4  L, 
respectively.  The  circles  highlight  the  decoration  of  the  features  that  appear  upon  O2  exposure  (reproduced  from  [3]  by  permission  of  Elsevier). 


films  grown  to  1-3  monolayer  (ML)  thickness  on  Ru.  Oxy¬ 
gen  adsorption  on  the  Cu/Ru  surfaces  is  evident  from  STM 
images  (Fig.  3).  Here,  ruthenium  plays  a  role  to  disperse  cop¬ 
per  films  into  highly  strained  phase,  which  is  more  reactive 
toward  oxygen  dissociation.  Using  density  function  theory, 
it  has  been  predicted  that  molecular  oxygen  binds  to  both 
Au(l  11)  and  (211)  surfaces  [4].  From  this  study,  it  also 
shows  that  steps  and  tensile  strain  facilitate  oxygen  activation 
on  gold  surfaces.  Thermal  desorption  spectrometry  (TDS) 
was  used  to  examine  the  adsorption/reaction  of  oxygen  on 
Au(l  11)  surface  [5].  More  detailed  analysis  was  provided 
through  collision-induced  desportion  (CID)  experiments  [6] . 
In  Fig.  4,  the  mass  34  signal  is  evidence  of  a  recombina¬ 
tion  of  16Oads  with  an  impinging  18C>2  during  a  plasma-jet 
exposure.  When  adlayers  of  metal  are  deposited  on  Au(l  11), 
different  ORR  behavior  of  the  electrodes  has  been  observed 
[7].  Au(l  1  1)  electrodes  modified  with  1/3 ML  Cu,  1/3  ML 
Ag,  and  Bi(2  x  2)  all  show  an  almost  two-fold  increase  in 
reduction  current  in  alkaline  solution.  A  recent  study  was  con¬ 


ducted  on  using  bimetallic  catalysts  for  ORR  [8].  The  guide 
of  this  study  is  the  thermodynamic  principles  assuming  that 
oxygen  molecules  dissociate  on  one  metal  and  oxygen  atoms 
are  reduced  on  the  other.  The  electrocatalytic  activities  of 
some  binary  metal  alloys  in  acidic  medium  were  examined 
by  scanning  electrochemical  microscopy  (SECM).  Among 
the  combinations  analyzed,  Pd/Co  on  glassy  carbon  show 
high  ORR  activities  (Fig.  5).  For  example,  when  the  substrate 
potential  was  at  a  positive  range  of  0.7  V,  the  90: 10  Pd/Co 
composition  showed  the  highest  ORR  activity  (I-b),  about 
half  that  of  carbon- supported  Pt  (image  not  shown),  while 
compositions  containing  Co  more  than  20%  shows  decreased 
activities.  At  this  substrate  potential,  pure  Pd  exhibits  no 
activity.  This  study  provides  a  method  for  high  throughput 
design  of  multi-metallic  catalysts. 


7.2.  ORR  catalyzed  on  nanoparticulate  noble  metals 


During  the  past  two  decades,  a  promising  aspect  in  cata¬ 
lyst  development  is  to  employ  nanopartiles.  Titanium  diox¬ 
ide  nanoparticles  coated  with  ML  of  gold  were  analyzed  in 
the  oxygen  desorption  experiment  [5].  A  low-temperature 


Ha) 


•■(b) 


6.2e+3  nm 
6.59-7A  ■ 

5.43-7A 

4.23-7A 


3.12e-7A 


6.2e+3  nm 


2.05e-3A 


1 .60e-3A 


1.16e-3A 


7.17e-9A 


1.95e-7A  ■  2.73e-9A 

0  pm  0  pm 

0  pm  1 .9e+3  pm  0  pm  1 .9e+3  pm 


W*  WJ 
1.0  (0.0) 
0.9  (0.1) 

0.8  (0.2) 
0.7  (0.3) 

0.6  (0.4) 
0.5  (0.5) 
0.4  (0.6) 
0.3  (0.7) 


Fig.  4.  Desportion  measurement  at  77  K  from  Au(l  1  1)  following  exposure 
to  the  18C>2  plasma  jet,  followed  by  heating  to  300  K,  then,  on  cooling  back 
to  77  K,  exposure  to  the  16C>2  plasma  jet  (reproduced  from  [6]  by  permission 
of  the  American  Chemical  Society). 


Fig.  5.  SECM  images  of  oxygen  reduction  activity  measured  on  Pd/Co 
arrays  in  0.5  M  H2SO4,  scan  rate  0.25mms_1,  E$  =0.4V  (I-a),  0.7  V  (I- 
b).  Wm  is  the  atomic  ratio  of  metal  M  (reproduced  from  [8]  by  permission 
of  the  American  Chemical  Society). 
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Fig.  6.  TDS  from  a  2  ML  A11/T1O2  sample  (a)  following  exposure  to  O2,  (b) 
following  exposure  to  O2  and  then  CID  and  (c)  difference  between  (a)  and 
(b)  (reproduced  from  [5]  by  permission  of  the  Chemical  Society). 

desorption  feature  indicates  the  presence  of  molecularly 
chemisorbed  oxygen  on  a  2  ML  Au/Ti02  surface  (Fig.  6). 
Assuming  a  first-order  desorption,  Fig.  6c  shows  a  desorp¬ 
tion  peak  at  ~  145  K  that  corresponds  to  a  binding  energy  of 
ca.  0.35  eV.  Similarly,  the  CID  experiments  demonstrate  the 
presence  of  160180  (mass  34)  desorption  from  the  Au/Ti02 
surfaces  [6].  This  fact  reveals  that  molecularly  adsorbed 
oxygen  is  formed  on  the  surface  prior  to  CID  (Fig.  7).  In 
alkaline  solution,  gold  nanoparticles  deposited  on  glassy  car¬ 
bon  demonstrate  ORR  activity  [9].  The  behavior  resembles 
a  four-electron  process.  Another  study  analyzed  the  reaction 
between  gas  phase  gold  clusters  with  oxygen  [10].  Gold  clus¬ 
ters  (Aun)  with  structure  N=  2,  4  demonstrate  low  oxygen 
binding  energies,  while  those  with  N=  3,5  have  high  binding 
energies.  Exposure  to  humidity  induces  Aun  —OH-,  which 
has  the  reverse  O2  binding  tendency  in  regard  to  the  bare 
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clusters.  The  results  provide  insight  into  the  possible  role 
of  water  in  the  activity  of  gold  clusters.  Gold  clusters  were 
also  deposited  on  boron-doped  diamond  (BDD)  electrode  for 
ORR  [11].  Vacuum-deposition  followed  by  annealing  affords 
very  stable  gold  clusters  on  BDD  surfaces.  Under  acidic  con¬ 
ditions,  the  four-electron  ORR  pathway  was  observed  for 
such  catalysts.  The  catalysis  is  also  accompanied  with  a  sig¬ 
nificant  positive  shift  of  the  O2  reduction  peak  and  increase 
in  the  current  efficiency. 

Palladium  nanoparticles  on  gold  electrodes  were  tested 
for  ORR  activity  [12].  This  system  can  catalyze  ORR  in  KC1 
solution  at  —0.2  V  through  a  four-electron  pathway;  however, 
the  system  is  not  stable.  Palladium  nanoparticles  have  also 
been  coated  onto  carbon  nanotubes  (CNT)  in  supercritical 
carbon  dioxide  medium  [13].  When  bare  CNT  is  deposited 
on  a  carbon  electrode,  oxygen  reduction  occurs  at  ca.  0.4  V 
(Fig.  8A).  The  reduction  current  increases  with  the  potential 
decrease,  suggesting  a  kinetics-controlled  process.  For  the 
Pd-CNT  deposited  carbon  electrode,  oxygen  reduction  shifts 
to  close  to  0.5  V  (Fig.  8B),  and  the  peak  current  varies  linearly 
with  the  square  root  of  the  scan  rate  (figure  not  shown).  This 
fact  indicates  that  the  ORR  at  Pd-CNT  carbon  electrode  is  a 
diffusion-controlled  process.  Silver  nanoparticles  deposited 
on  carbon  have  also  shown  the  ORR  activity  in  alkaline  solu¬ 
tion  [14].  In  comparison  to  Pt/C  system,  the  onset  of  the 
reduction  curves  at  Ag/C  only  shifts  0.05  V  toward  negative 
potential.  The  ORR  at  Ag/C  seems  to  be  close  to  a  four- 
electron  process.  A  different  nanoparticulate  system  for  ORR 
in  acid  solutions  is  the  Cheverel  phase  Ru2Mo4Ses  [15].  The 
catalyst  showed  ORR  activity  of  0.85  mA  cm-2  under  fuel 
cell  operating  conditions  (0.7  V  overpotential),  only  inferior 
to  Pt  by  ca.  30%.  This  catalyst  was  prepared  in  a  manner 
involving  high  temperature  (1500  °C)  treatment.  A  modifi¬ 
cation  of  preparing  similar  compounds  involved  the  use  of 
carbonyl  complex  or  carbonaceous  ligand  in  organic  solu¬ 
tion  [16].  The  produced  carbonaceous  ruthenium  selenide 
(Ru^SeyCyOw)  nanoparticles  were  covered  by  a  layer  of 


Fig.  7.  Kr  CID  measurement  from  a  2  ML  Au/Ti02  sample  at  77  K  of  16C>2,  18C>2,  and  160180  following:  (A)  exposure  to  1802  plasma  at  77  K  (i),  followed  by 
heating  to  300  K  and  after  cooling  to  77  K  (ii),  and  exposure  to  16C>2  plasma  (iii).  In  (B),  the  order  of  18C>2  and  16C>2  exposures  is  reversed  (reproduced  from 
[6]  by  permission  of  the  American  Chemical  Society). 
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Fig.  8.  CV  curves  obtained  at  CNT  (A)  and  Pd-CNT  (B)  on  carbon  electrodes  in  1  M  H2SO4  saturated  with  nitrogen  (a)  and  oxygen  (b)  (reproduced  from  [13] 
by  permission  of  Elsevier). 


Ru  with  narrow  size  distribution  ca.  4nm,  determined  via 
transmission  electron  microscope  (TEM)  analysis.  No  ORR 
results  are  given  in  this  study.  Related  to  ORR  catalytic  activ¬ 
ities,  a  study  utilizes  a  matrix  of  tin  oxide  and  antimony  oxide 
to  stabilize  Ru02  for  oxygen  evolution  reaction  [17].  At  room 
temperature,  such  catalysts  had  a  service  time  of  309  h  in  a 
3  M  H2SO4  solution  under  a  current  density  of  0.5  A  cm-2. 

2.  ORR  catalyzed  by  non-noble  metal  electrodes 

The  distinction  of  using  non-noble  metals  is  the  cost  con¬ 
sideration  for  potential  mass  products  such  as  FCVs.  Most 
of  the  metals  discussed  in  this  section  are  transition  metals, 
but  some  are  main  group  elements.  Copper  is  a  widely  used 
catalyst  for  some  important  chemical  reactions  and  there  is  a 
rich  literature  of  its  application  in  ORR.  Komori  and  cowork¬ 
ers  employed  STM  to  study  the  O2  adsorption  on  Cu(00  1) 
surface  [18].  Oxygen  molecules  can  adsorb  onto  and  migrate 
on  the  Cu  surface  (Fig.  9).  The  diffusion  barrier  of  the  oxygen 
adsorbates  is  smaller  at  more  compressed  area,  a  phenomenon 


Fig.  9.  An  STM  image  showing  oxygen  adsorption  on  a  clean  Cu(0  0  1) 
(8.5  nm  x  8.5  nm)  surface  (reproduced  from  [18]  by  permission  of  Elsevier). 


consistent  with  the  predictions  by  precursor-mediated  dis¬ 
sociative  adsorption.  The  hydrogenation  of  adsorbed  O  on 
Cu(l  1  1)  at  temperature  range  80-600  K  was  studied  with 
TDS  and  Auger  spectroscopy  [19,20].  At  temperature  above 
water  desorption  (150  K),  the  formation  of  gaseous  water  is 
observed  to  follow  two  consecutive  step-formation  of  OHa(j 
then  hydrogenated  to  H20ad,  which  desorbs  isothermally 
(Fig.  10,  left).  Above  300  K,  an  apparent  acceleration  of  water 
formation  is  observed,  a  phenomenon  attributed  to  the  acti¬ 
vation  barrier  of  Oad  hydrogenation  (Fig.  10,  right).  A  later 
study  found  that  there  is  water  desorption  even  at  60  K  from 
such  a  system,  well  below  the  water  desorption  temperature 
of  150  K  [21].  It  was  found  that  the  formation  of  water  from 
OHad  hydrogenation  is  the  rate-determining  step  with  a  cross- 
section  of  0.6  A~.  A  similar  study  with  Ni(l  0  0)  substrate  was 
carried  out  to  examine  the  ORR  under  hydrogen  exposure  at 
600  K  [22] .  Fast  formation  and  desorption  of  water  molecules 
were  observed  during  the  investigations,  but  no  hydroxyl 
groups  were  found.  Also  found  is  the  sequence  of  oxygen 
desorption:  oxygen  atoms  desorbs  from  surface  followed  by 
the  subsurface  oxygen  atoms  diffuse  to  the  oxygen-depleted 
surface. 

Other  than  pure  metals,  metal  oxides  and  alloys  have 
been  investigated  for  their  ORR  catalytic  activities.  Titanium 
dioxide  is  a  known  semiconductor  that  has  many  interesting 
catalytic  properties.  ORR  activity  was  found  on  anodically 
formed  Ti02  on  Ti  surface  [23].  From  rotating  disk  elec¬ 
trode  (RDE)  experiments,  it  was  concluded  that  the  ORR 
on  Ti02  proceeds  through  a  two-electron  process  in  acidic 
solutions  and  four-electron  process  in  basic  solutions.  Poly- 
oxometallates  are  a  large  class  of  transition  metal-oxygen 
cluster  compounds  that  have  unique  properties,  such  as  sta¬ 
bility,  commercial  availability  and  relative  ease  of  synthesis. 
Some  of  these  compounds  have  received  particular  attention 
as  proton  conducting  membrane  materials.  One  group  with 
vanadium  oxides  was  loaded  to  gas  diffusion  electrodes  and 
tested  ORR  activity  [24].  These  compounds  show  an  order 
of  magnitude  more  current  as  cathode  catalysts  than  anode 
catalysts  therefore  they  may  be  viable  candidates  as  cath¬ 
ode  catalysts.  Tungsten  carbide  has  been  tested  as  hydrogen 
oxidation  catalyst.  It  is  not  stable  enough  under  ORR  con¬ 
ditions.  Therefore,  tantalum  was  added  to  WC  to  enhance 
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Fig.  10.  Kinetics  of  water  formation  measured  at  various  temperatures  during  admission  of  H  to  oxygen-covered  Cu(l  1  1)  surfaces  (reproduced  from  [29]  by 
permission  of  the  American  Chemical  Society). 


its  potential  electrocatalytic  activity  for  ORR  [25].  It  was 
found  that  the  corrosion  resistance  of  the  tungsten  carbide 
is  significantly  increased  by  the  addition  of  Ta  to  the  pure 
WC  catalyst.  The  electrocatalytic  activity  for  the  ORR  in  the 
WC  +  Ta  catalyst  was  observed  at  0.8  V,  0.35  V  more  posi¬ 
tive  than  that  of  pure  WC  catalyst.  Lanthanum  manganite  has 
been  proposed  as  a  catalyst  for  ORR  [26].  The  perovskite- 
type  oxide  was  prepared  through  a  reverse  micelle  assisted 
dispersion  method.  The  products  are  fine  particles,  with  size 
distribution  around  3  nm.  High  cathodic  performance  above 
—0.15  V  has  been  recorded  under  basic,  room  temperature 
conditions.  The  performance  is  comparable  to  Pt-loaded  car¬ 
bon  electrode  (0.56  mg  cm2).  The  ORR  Catalytic  activities 
of  some  selected  metal  compounds  are  compared  in  Table  1 . 

3.  ORR  catalyzed  by  organometallic  complexes 

A  promising  family  of  compounds,  namely  transition 
metal  V4 -macrocycles  such  as  porphyrin  complexes,  is 
known  to  catalyze  oxygen  reduction  reaction  under  physio¬ 
logical  conditions.  These  compounds  have  been  extensively 

Table  1 


Selected  metal  ORR  catalysts 


Catalyst 

Preparation  method 

ORR  activity 

Reference 

Pt 

1 .25  mA  cm-2  at 

0.51  V  (vs.  NHE) 

[12] 

Cu  on  Ru 

Vacuum-deposition 

Initial  sticking 
efficient:  0.6  for 

1  ML  Cu,  0.002  for 

3  ML  Cu,  0.0005  for 
Cu 

[3] 

Au(l  1  1) 

Sputtering 

O2  dissociation/ 
recombination  at 

77  K 

[5] 

Pd/Co  (90:10) 

H2  reduction, 

350  °C 

65  nA  at  0.6  V 

[7] 

M04.2Ru1.8Se8 

Thermolysis, 

1500 °C 

0.85  mAcm-2  at 

0.51  V  (vs.  NHE) 

[12] 

WC  +  Ta 

Sputtering 

0.8  V  (vs.  DHE) 

[22] 

LaMn03  +  <5 

Reverse  micelle 
assisted  dispersion 

0.3  A  cm2  at  —80  mV 
(vs.  Hg/HgO),  8  M 
KOH 

[23] 

studied  as  the  potential  candidates  as  ORR  catalysts  for  fuel 
cells  because  of  their  high  catalytic  activities.  Other  struc¬ 
turally  similar  transition  metal  complexes  have  been  recently 
included  in  the  hunt  to  find  promising  ORR  catalysts.  We 
will  discuss  the  transition  metal  complexes  according  to  the 
structures,  starting  from  porphyrin-type  compounds. 

3.1.  Transition  metal  complexes  with  porphyrin  ligands 

The  promising  cathodic  catalysts  for  fuel  cell  would 
reduce  molecular  oxygen  through  the  direct  four-electron 
process  to  water  near  the  reversible  thermodynamic  poten¬ 
tial  (1.23  V  versus  NHE).  In  Section  1,  oxygen  adsorption  on 
gold  surfaces  has  been  discussed.  Modification  of  gold  sur¬ 
face  with  metal  complexes  demonstrates  significant  influence 
on  ORR  activities.  On  the  Au(l  11)  surface,  cobalt  porphyrin 
complexes  can  form  adlayers  that  enhance  ORR  activities 
on  gold  [27].  High-resolution  STM  images  show  uniformly 
formed  Co-porphyrin  complexes  with  clean  molecular  ori¬ 
entation  on  ordered  domain  (Fig.  11).  Oxygen  reduction 
on  two  types  of  cobalt-porphyrin  complex  modified  gold 
electrodes  both  show  enhanced  activities  (Fig.  12).  There 
is  obvious  enhancement  of  reductive  current  for  O2  reduc¬ 
tion  at  0.32  V  at  the  two  modified  electrodes.  Compared 
to  that  of  the  bare  Au  surface,  this  current  enhancement 
clearly  shows  that  Co-porphyrin  complex  adlayer  enhances 
ORR  activity.  Cytochrome  c  oxidase  and  related  heme/copper 
terminal  oxidases  catalyze  the  complete  four-proton,  four- 
electron  conversion  of  oxygen  to  water  without  releasing  par¬ 
tially  reduced  peroxide  intermediates  that  are  toxic  to  cells. 
Metal  complex  systems  similar  to  the  enzymes  thus  possess 
promising  potentials  for  ORR  in  fuel  cells.  Some  enzyme  cat¬ 
alyzed  oxygen  reduction  reactions  comprise  proton-coupled 
electron-transfer  process  to  facilitate  the  reaction.  Attempts  to 
mimic  such  process  lead  to  the  design  of  porphyrin  platforms 
with  precise  control  over  the  hydrogen-bonding  functional 
nature  [28].  The  attachment  of  porphyrins  to  a  rigid  xan- 
thene  or  dibenzofuran  pillar  bearing  the  H-bond  pendant 
permits  both  the  orientation  and  acid-base  properties.  The 
platforms  with  acid  and  ester  hanging  groups  can  orches¬ 
trate  catalytic  0—0  bond  activation  and  can  yield  superior 
catalysts  to  analogues  that  do  not  control  both  proton  and 
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Fig.  11.  High-resolution  STM  image  shows  the  CoOEP  adlayer  formed  on  Au(l  11).  Note  the  clear  internal  molecular  structures  and  molecular  orientations 
in  the  ordered  domain  (reproduced  from  [27]  by  permission  of  the  American  Chemical  Society). 


electron  inventories.  The  reactivity  studies  for  the  dispropor¬ 
tionation  of  hydrogen  peroxide  and  the  epoxidation  of  olefins 
by  the  platforms  reveal  that  the  introduction  of  a  proton- 
transfer  network  can  enhance  0—0  bond  activation.  Such 
proton-coupled  ORR  catalyzed  by  a  family  of  dicobalt(II) 
cofacial  bisporphyrins  has  also  been  investigated  [29] .  One 
compound  reduces  O2  at  a  potential  of  0.37  V  with  direct 
production  of  water  at  80%  selectivity  (Fig.  13).  In  contrast, 
installation  of  a  trans-wcy\  group  (DPDM  in  Fig.  13)  into  this 
so-called  Pacman  motif  results  in  decreased  selectivity  for  the 
direct  reduction  of  O2  to  water  [30].  This  selectivity  decrease 
is  attributed  to  subtle  electronic  and  proton-coupled  effects, 
not  due  to  structural  flexibility  or  redox  behavior  change.  In 
the  presence  of  similar  cobalt  complexes,  the  four-electron 


0  0.5 


E/Vv s.  RHE 

Fig.  12.  CVs  for  the  O2  reduction  at  bare  (a),  CoP-  (b),  and  CoOEP-modified 
(c)  Au(l  11)  electrodes  in  0.1  M  HCIO4  (reproduced  from  [27]  by  permis¬ 
sion  of  the  American  Chemical  Society). 


reduction  of  O2  by  ferrocene  derivatives  as  one-electron  red- 
ucants  was  studied  [31].  By  monitoring  the  formation  of  the 
ferricenium  ion,  it  was  found  that  a  cobalt  porphyrin  complex 
can  reduce  O2  through  a  two-electron  pathway  with  H2O2  as 
a  product.  With  the  dicobalt  cofacial  bisporphyrins,  the  con¬ 
centration  of  the  ferricenium  ion  is  found  to  be  four  times 
the  O2  concentration,  indicating  a  four-electron  reduction. 
Catalytically  active  diiron(II)-p,-oxo  complexes  were  synthe¬ 
sized  from  a  tetraamidato  macrocyclic  Fe(III)  complex  [32]. 
These  diiron  complexes  catalyze  the  selective  oxidation  of 
benzylic  alcohols  using  molecular  oxygen.  It  is  hoped  that 
some  compounds  with  similar  structures  may  possess  ORR 
activity  for  fuel  cells. 

Beside  the  above  discussed  discrete  porphyrin  complexes, 
other  metal  complexes  have  been  added  to  porphyrin  sys¬ 
tems  to  promote  molecular  oxygen  reduction  reactivity.  A 
combination  of  porphyrin  complexes  and  polyoxometal- 
lates  was  tested  for  ORR  catalysis  [33].  A  1:1  ratio  of  the 
two  compounds  in  aqueous  solution  was  adopted  to  form 
a  supramolecular  network,  which  was  applied  to  a  carbon 
RRDE.  At  —0.45  V,  it  was  found  that  there  are  3.8  elec¬ 
trons  involved  in  the  reduction  of  one  O2.  Another  study 
employs  a  molecular  level-controlled  assembly  technique  to 
form  films  of  these  two  types  of  compounds  on  carbon  elec¬ 
trode  [34].  In  the  presence  of  O2,  a  catalytic  reduction  current 
is  observed  at  the  electrode  coated  with  multi-layer  films 
(Fig.  14).  The  peak  current  of  ORR  is  increased  with  more 
materials  assembled  onto  the  electrode.  The  peak  potential 
of  ORR  is  located  at  —0.18  V,  a  positive  0.5  V  shift  com¬ 
pared  to  non-modified  carbon  electrode.  A  ruthenium  com¬ 
plex,  [Ru30(Ac)6(py)2]+  (Ac,  acetate;  py,  pyridine)  (Fig.  15), 
has  been  used  to  form  supramolecular  network  with  cobalt 
porphyrin  [35] .  CV  curves  of  the  complex  show  the  redox  pro¬ 
cesses  of  the  three  Ru  from  oxo-clusters.  A  carbon  electrode 
modified  with  this  complex  demonstrates  sharp  and  intense 
cathodic  peaks  around  0.2  V  (Fig.  16).  As  shown  in  Fig.  16A, 
the  current  intensities,  much  more  intense  than  the  Ru(II/III) 
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Fig.  13.  Rotating  Pt  ring-disk  voltammograms  for  reduction  of  O2  at  DPD-coated  (a)  and  DPDM-coated  (b)  graphite  disks.  Disk  current,  S=  10  pA;  ring 
current,  S  =  5  pA  (reproduced  from  [30]  by  permission  of  the  American  Chemical  Society). 


Fig.  14.  CV  of  O2  reduction  at  a  carbon  electrode  coated  with  one  cobalt 
porphyrin  complex  and  one  polyoxometallate.  Dotted  line:  N2 -saturated 
solution  (reproduced  from  [34]  by  permission  of  the  American  Chemical 
Society). 

and  Co(II/III)  redox  couples  (Fig.  16B),  vary  as  a  linear 
function  of  the  square  root  of  the  scan  rate.  More  interest¬ 
ingly,  the  experimental  results  match  perfectly  the  calculated 
peak  currents  for  the  four-electron  ORR  process  (Fig.  16C). 
To  illustrate  the  catalytic  mechanism  of  such  complexes,  a 
molecular  assembly  technique  was  employed  to  prepare  films 
containing  this  type  of  complexes  [36].  From  RRDE  stud¬ 
ies,  the  negligible  ring  currents  and  the  slopes  of  the  Levich 
and  Koutecky-Levich  plots  approaching  4  are  indicative  of 
the  theoretical  four-electron  ORR  process.  Because  of  the 
unique  arrangement  of  the  cobalt  centers  in  the  molecular 
assembled  films,  it  is  proved  that  the  high  catalytic  activ¬ 
ity  of  the  supramolecular  network  is  due  to  the  activation 
of  the  cobalt  porphyrin  center  by  the  coordination  of  the 
ruthenium  clusters.  A  related  study  employs  tetraruthenated 
cobalt-porphyrin  and  sulfonated  zinc-porphyrin  complexes 
to  build  assembly  up  to  50  bilayers  [37].  The  films  exhibit 
very  high  conductivity  when  the  potential  approaches  the 
redox  potential  of  the  Ru(II/III)  couple.  In  another  study, 
an  iron(II)  porphyrin  was  used  as  the  ORR  catalyst  and 
Ru(NH3)62+  as  the  electron  carrier  in  Nafion  matrix  [38]. 
When  iron  cobalt  complex  is  directly  adsorbed  to  the  elec¬ 


trode,  it  behaves  as  a  perfect  four-electron  ORR  catalyst  due 
to  high  availability  of  electrons.  High  Ru(NH3)62+  content 
favors  such  four-electron  reaction  catalyzed  by  the  iron  com¬ 
pound  in  Nafion  matrix. 

3.2.  Transition  metal  complexes  with  non-porphyrin 
ligands 

Common  N4 -macrocycle  ligands  also  include  cyanine 
derivatives  beside  porphyrins.  A  cobalt  phthalocyanine  com¬ 
plex  was  found  to  catalyze  ORR  in  alkaline  solution 
[39].  Electron- withdrawing  groups  on  cyanine  are  found  to 
increase  catalytic  activity.  In  combination  with  manganese 
oxide,  the  same  cobalt  complex  was  found  to  catalyze  a 
four-electron  ORR  in  alkaline  conditions  [40].  This  same 
complex  was  adsorbed  onto  Au(l  11)  electrode  surface  and 
the  ORR  activity  was  analyzed  [41].  The  reduction  current 
of  O2  commenced  at  ca.  0.45  V  during  the  cathodic  scan,  a 
0.15  V  negative  shift  compared  to  bare  Au(l  11)  electrode. 
A  clear  electrocatalytic  reduction  peak  of  O2  was  found  at 
ca.  0.2  V,  indicating  that  the  cobalt  cyanine  complex  adlayer 
catalyzes  the  ORR  (Fig.  17).  At  more  negative  potentials  than 
0.2  V,  the  reductive  current  remained  almost  constant  because 
of  the  O2  diffusion  limitation.  In  contrast,  a  copper  phthalo¬ 
cyanine  complex  does  not  show  ORR  activity. 

Non-macrocycle,  chelating  ligands  demonstrate  similar 
coordination  chemistry  as  the  N4 -macrocycle  members. 
Salen  is  a  salicylideneamine  compound  and  its  vanadium 
complex  is  known  to  catalyze  ORR  [42].  Complexes  of 
vanadium(III-V)  with  salen  were  examined  to  uncover  the 
stoichiometry  and  kinetics  of  the  reaction  between  O2  and 
the  V- salen  complexes.  In  the  presence  of  acid,  oxygena¬ 
tion  and  disproportionation  of  Vm(salen)+  provide  the  key 
catalysis  for  the  four-electron  ORR  route.  A  series  of  Cu(I) 
complexes  with  tridentate  animopyridine  ligands  was  synthe¬ 
sized  and  structurally  characterized  [43].  The  formation  and 
subsequent  reaction  of  O2  with  the  complexes  are  observed 
(Scheme  2).  Compared  to  complexes  with  a  hydrogen  or  a 
methoxy  group,  the  complex  with  a  dimethyl  amine  group 
shows  very  high  reactivity  towards  exogenous  substrates  such 
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Fig.  15.  Structure  of  5,10,15,20-tetra(4-pyridyl)porphynato  cobalt  corrdinated  to  four  [|X3-0-Ru3(Ac)6(py)2]+,  CoTCP.  Letters  a-h  indicate  different  protons 
in  !H  NMR  (reproduced  from  [35]  by  permission  of  Elsevier). 
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Fig.  16.  (A)  CV  curves  of  the  CoTCP-modified  electrode  in  an  air  saturated 
solution  at  different  scan  rates.  (B)  Same  as  in  (A),  scan  rate  20  mV  s-1,  in 
the  absence  and  presence  of  O2.  (C)  Plot  of  the  electrocatalytic  O2  reduction 
peak  currents  as  a  function  of  the  square  root  of  scan  rates  (solid  circles  and 
line)  and  the  calculated  curves  for  the  reaction  with  n  =  2  and  n  =  4  (dashed 
lines)  (reproduced  from  [35]  by  permission  of  Elsevier). 
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Fig.  17.  Typical  CV  curves  of  bare  (dotted)  and  cobalt  phthalocyanine- 
adsorbed  (solid)  Au(l  1  1)  electrodes  in  0.1  M  HCIO4  under  O2  (reproduced 
from  [41]  by  permission  of  the  American  Chemical  Society). 


Scheme  2.  (reproduced  from  [43]  by  permission  of  the  American  Chemical 
Society). 
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Scheme  3.  (reproduced  from  [45]  by  permission  of  Wiley-VCH  Verlag 
Gmbh  &  Co  KG). 

as  THF.  A  different  series  of  bis(p,-OH)diiron(II)  complexes 
with  polydentate  animopyridine  ligands  has  been  synthe¬ 
sized  and  structurally  characterized  [44].  All  four  complexes 
react  with  O2  in  similar  bimolecular  associative  processes. 
The  complex  with  a  tridentate  ligand  has  fast  oxygenation 
rate  compared  to  those  with  tetradentate  ligands.  A  nickel 
complex  having  a  tetraazadodecane  ligand  was  prepared  and 
reacted  with  O2  [45].  A  binuclear  p,-l,2-peroxo  Ni2  dimeric 
intermediate  was  characterized  as  the  product  of  the  oxy¬ 
genation  reaction  at  low  temperature  (Scheme  3).  Thermal 
decomposition  of  this  dimer  leads  to  the  formation  of  the 
hydroxy  product. 

Metal  complexes  of  (3-diketiminates  are  different  from  the 
abovementioned  compounds  in  which  the  neutral  N-donor 
ligands  have  been  used.  A  set  of  Cu(I)  (3-diketiminate  com¬ 
plexes  were  prepared  with  different  backbone  substituents 
that  significantly  impact  the  product  oxygenation  [46].  The 
complexes  can  be  viewed  as  intermediates  to  form  (super- 
oxo)copper  or  bis(p,-oxo)dicopper  species,  which  are  of 
biological  importance.  Two  1:1  Q1-O2  species  have  been 
isolated  and  the  X-ray  crystal  structures  been  resolved.  In 
Fig.  18,  the  oxygen  molecule  takes  a  side-on  coordination 
with  the  copper  atom  in  one  such  species  [47,48].  These 
species  can  react  with  another  copper(I)  complex  to  form 
an  asymmetric  species  (Fig.  19),  which  is  very  distinctive 
from  other  symmetric  bis(p,-oxo)  complexes. 

Ligands  that  include  elements  other  than  nitrogen  as  the 
donor  atoms  have  been  employed  to  prepare  complexes 
with  ORR  activity.  A  nickel(I)  complex  with  thioether  and 
borate  donors  was  investigated  [49].  For  common  nickel 


Fig.  18.  X-ray  crystal  structure  and  chemical  formula  of  one  1:1  CU-O2 
species,  showing  all  non-hydrogen  atoms  (reproduced  from  [47]  by  permis¬ 
sion  of  the  American  Chemical  Society). 


Fig.  19.  X-ray  crystal  structure  and  chemical  formula  of  one  asymmetric 
bis(|x-oxo)  species,  showing  all  non-hydrogen  atoms  (reproduced  from  [47] 
by  permission  of  the  American  Chemical  Society). 

thiolato  complexes,  oxygen  sensitivity  often  causes  disulfide 
formation.  In  this  study,  the  borato  ligand  is  able  to  support 
the  nickel  complexation  with  the  thiolate  ligands.  This  is 
also  the  first  account  of  an  M2(jx-02)  core  supported  by 
sulfur  ligands.  A  similar  complex  reacts  with  O2  generating 
a  1:1  species  [50].  Based  on  the  spectroscopic  properties, 
this  species  is  suggested  as  a  side-on  dioxygen  adduct, 
a  highly  covalent  Ni(II)-superoxo  complex.  A  series  of 
iron(II)  a-keto  carboxylate  complexes  have  been  prepared 
and  reacted  with  dioxygen  [51].  The  oxygenation  results 
in  the  hydroxylation  of  a  phenyl  position  of  the  ligand  to 
produce  a  phenolate  product.  The  reaction  mechanism  is 
believed  to  involve  dioxygen  binding  to  form  an  iron(III) 
superoxide  species  with  the  oxidative  decarboxylation  of  the 
adduct  to  afford  the  final  product. 

3.3.  Heat-treated  metal  catalysts 

For  the  N4 -macrocycle  (such  as  porphyrin)  metal  com¬ 
plexes,  the  formation  of  H2O2  is  believed  to  be  responsible 
for  the  deterioration  of  electrode  performance  over  time. 
Heat-treatment  of  such  complexes  is  found  to  overcome 
these  shortcomings.  On  the  carbon- supported,  pyrolyzed 
iron(III)  tetramethoxyphenyl  porphyrin  chloride,  it  is  pos¬ 
sible  to  reduce  H2O2  electrochemically  [52].  The  number 
of  electrons  exchanged  per  O2  is  between  3.45  and  4  in  the 
heat-treatment  temperature  range  of  400-000  °C  (Fig.  20). 
The  O2  reduction  is  postulated  to  comprise  both  direct  and 
series  reaction  paths.  The  increased  catalytic  activity  by  the 
heat-treatment  is  likely  caused  by  the  decrease  in  the  activa¬ 
tion  energy  of  the  reaction.  The  active  site  of  O2  reduction 
on  pyrolyzed  carbon- supported  iron  porphyrin  catalysts  was 
studied  via  ex  situ  and  in  situ  57Fe  Mossbauer  spectrome¬ 
try  [53].  In  combination  with  X-ray  absorption  spectroscopy 
and  X-ray  photoelectron  spectroscopy,  the  Fe-N4  moiety  was 
found  to  be  the  site  of  the  O2  reduction  activity  even  after  a 
heat  treatment  up  to  800  °C.  The  enhanced  ORR  activity  of 
such  heat-treated  M-N4  species  is  likely  due  to  a  higher  num¬ 
ber  of  active  Fe2+  sites  at  oxygen  reduction  potentials.  The 
M-N4  moiety  does  retain  after  heat-treatment  at  temperature 
as  high  as  800  °C,  and  the  core  is  the  catalytic  site. 
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Fig.  20.  Disk  currents  for  O2  reduction  on  heat-treated  iron  porphyrin  com¬ 
plex  (reproduced  from  [52]  by  permission  of  Elsevier). 

Dodelet  and  coworkers  used  a  modified  procedure  to 
provide  better  control  over  metal  impurities  during  heat- 
treatment  [54].  Their  procedure  uses  perylene  tetracarboxylic 
dianhydride,  free  of  metal  impurities,  as  a  precursor  for  the 
carbon  support.  Iron  porphyrin  complex  was  mixed  with  this 
material  followed  by  pyrolysis  at  various  temperatures.  A 
FeN2C4+  moiety  was  found  by  secondary  ion  mass  spectrom¬ 
etry  (SIMS)  to  be  the  catalytic  site  at  pyrolysis  temperature 
above  800  °C.  A  2%  iron  content  was  found  to  be  most 
promising  for  ORR  catalysis.  Because  the  Fe^C-y  moiety  is 
found  to  be  the  active  catalytic  site  for  ORR,  non-porphyrin 
iron  complexes  have  been  employed  in  the  heat-treatment 
process  in  the  same  study.  Iron(II)  acetate  was  pyrolyzed  in 
the  presence  of  NH3  to  afford  such  active  moieties.  A  0.2% 
iron  acetate  content  provides  the  most  performing  catalyst. 
A  later  study  by  using  SIMS  in  combination  with  catalytic 
activity  revealed  that  there  are  more  than  one  active  species 
[55] .  It  was  found  that  two  different  catalytic  sites  exist  simul¬ 
taneously  in  all  catalysts.  FeN4/C  represents  one  family  of 
ions  (FeN4Cy+,  Fe^C-yC,  and  FeNCv+)  and  the  other  group 
has  FeN2/C  as  the  core,  whose  most  representative  ion  is 
FeN2C4+.  FeN2/C  group  is  more  electrocatalytically  active 
than  FeN4/C  group.  Compared  to  the  iron  porphyrin  complex 
precursor  method,  the  preparation  method  with  iron  acetate 
plus  ammonia  as  precursors  can  yield  a  catalyst  that  is  80% 
of  the  more  active  FeN2/C  sites.  The  method  of  using  iron 
acetate  as  precursor  for  heat-treatment  was  later  explored 
with  various  carbon  supports  [56].  The  activity  of  the  cat¬ 
alysts  varies  greatly  from  one  carbon  support  to  another, 
but  neither  the  specific  surface  area  of  the  catalysts  nor  the 
distribution  of  their  macro-  or  meso-pores  seems  to  be  a 
determining  factor  for  the  catalytic  activity.  The  most  impor¬ 
tant  factor  is  the  N  content  of  the  materials;  the  higher  it 
is,  the  higher  is  the  density  of  the  catalytic  sites  on  their 
surface  and  the  better  is  the  electrocatalyst  (Fig.  21).  In  the 
materials  examined,  three  catalytic  sites  are  at  work:  FeO/C, 
FeN4/C  and  FeN2/C,  with  the  last  site  being  the  most  active 
for  ORR.  It  was  further  confirmed  that  catalysts  prepared 
with  the  same  carbon  support  demonstrate  different  catalytic 
activities  depending  upon  the  treatment  applied  to  the  cho¬ 
sen  support  [57].  A  best  procedure  is  described  as  pretreating 
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Total  surface  nitrogen  (at%) 

Fig.  21 .  Change  in  catalytic  activity  with  total  nitrogen  concentration  of  the 
catalysts  from  XPS  results.  Open  circles:  non-treated  carbon  supports.  Solid 
circles:  treated  carbon  supports  (reproduced  from  [56]  by  permission  of  the 
American  Chemical  Society). 

the  carbon  support  with  HNO3,  followed  by  adsorbing  iron 
acetate  on  the  support,  then  by  a  last  heat-treatment  of  the 
resulting  material  at  900  °C  in  NH3.  This  procedure  provides 
the  nitrogen  enrichment  of  the  carbon  supports,  which  in  turn 
may  increase  the  interaction  of  iron  acetate  with  the  carbon 
support  and  results  in  a  better  molecular  dispersion  of  iron 
on  the  surface. 

Other  metal  complexes  have  been  conducted  heat- 
treatment.  Pyrolysis  of  iron  phthalocyanine  on  nickel  sub¬ 
strates  can  produce  carbon  nanofiber  electrodes  existing  in 
aligned  bundles  [58].  These  electrodes  demonstrate  signifi¬ 
cant  electrocatalytic  activity  in  aqueous  KNO3  solutions  at 
neutral  to  basic  pH  for  the  reduction  of  O2  to  HO2-.  This 
peroxide  pathway  via  two  successive  two-electron  reduc¬ 
tions  has  been  verified  through  electrochemical  methods.  It 
is  suggested  that  the  disorder  in  the  graphite  fibers  and  the 
presence  of  exposed  edge  plane  defects  and  nitrogen  moieties 
are  important  factors  for  enhancing  electrocatalysis  for  ORR. 
Likewise,  heat-treatment  was  applied  to  transition  metal 
cyanide  complexes  to  provide  ORR  catalysts  [59].  A  com¬ 
bination  of  cobalt  and  iron  incorporated  at  neighboring  sites 
produces  the  highest  activity,  comparable  to  platinum  black 
catalyst  (Pt/C).  More  promising  is  that  the  ORR  catalytic 
activity  is  not  affected  by  the  presence  of  2.5  M  methanol, 
in  stark  contrast  to  the  performance  of  Pt/C  (Fig.  22).  XRD 
and  XPS  data  indicate  the  decomposition  of  cyanide  struc¬ 
ture  when  heating  beyond  500  °C,  and  two  types  of  nitrogen 
forming  new  bonding  are  present  in  the  samples. 


4.  Development  of  ORR  catalyst  assemblies 

There  is  a  recent  review  on  electrode  design  for  PEMFC 
[60]  that  provides  a  detailed  description  of  general  consid- 


12 


B.  Wang  /  Journal  of  Power  Sources  152  (2005)  1-15 


E/Vvs.  Ag/AgCI 


Fig.  22.  Polarization  curves  for  ORR  with  (left)  Pt/C  and  (right)  heat-treated  cobalt/iron  cyanine  complex  in  the  (a)  absence  and  (b)  presence  of  2.5  M  methanol 
in  the  electrolyte  under  air  (reproduced  from  [59]  by  permission  of  the  Electrochemical  Society,  Inc.). 


erations  for  electrodes.  Here,  some  specific  features  for  the 
design  of  the  cathodic  electrode  are  discussed.  The  above- 
mentioned  catalysts  are  either  metal  slabs  that  can  be  directly 
used  as  the  electrode,  or  metal-containing  compounds  that  are 
applied  as  coatings  onto  electrode  surfaces.  Recent  advance¬ 
ments  in  materials  fabrication  techniques  applying  nanotech¬ 
nology  have  provided  new  frontiers  in  the  development  of 
ORR  catalysts.  As  discussed  in  Section  2,  nano-scale  metal 
oxides  have  been  used  for  ORR.  However,  many  metal  oxides 
dissolve  under  the  very  acidic  PEMFC  working  conditions. 
Conducting  polymer  polypyrrole  (PPy)  layers  were  used  to 
protect  against  the  dissolution  of  metal  oxide  Nio.3C02.7O4 
[61].  Both  the  oxide  and  PPy  were  electrodeposited  onto  car¬ 
bon  electrodes  in  such  a  fashion  that  the  oxide  is  sandwiched 
between  PPy  layers.  A  remarkable  electrochemical  stability 
of  the  oxide  at  acidic  condition  is  achieved.  Also  impressing 
is  the  observation  that  the  retaining  of  electrical  conductivity 
of  the  composite  film  at  potentials  at  which  PPy  is  usually  in 
an  insulator  state.  Continuation  of  research  in  such  systems 
extends  to  the  effect  of  the  counter  ions  in  the  composite  [62]. 
It  is  believed  that  electrical  conductivity  is  directly  related 
to  the  electropolymerization  processes.  Counter  anions  have 
a  profound  effect  on  the  polymerization  process  and  the 
resulting  composites  demonstrate  characteristic  ORR  activ¬ 
ities  (Fig.  23).  A  similar  study  utilized  CoFe204  and  PPy 
to  form  sandwiched  composites  [63].  The  electrode  exhibits 
high  electrocatalytic  reactivity  towards  oxygen  reduction  and 
stability  in  acidic  media  and  high  cathodic  potential  condi¬ 
tions.  Metal  oxide  nanoparticles  embedded  in  a  conductive 
polymer  matrix  seems  a  promising  design  for  ORR  elec¬ 
trode.  Poly(vinylpyridine)  (PVP)  confined  iron(III)  cyanide 
shows  surprisingly  catalytic  activity  for  H2O2  reduction  that 
is  absent  when  Fe(CN)63_  is  in  solution  phase  [64].  The  rea¬ 
son  for  this  catalytic  activity  is  ascribed  to  the  coordination 
of  iron  to  pyridine  molecules  in  the  polymer,  which  forms  an 
open  coordination  site  in  the  Fe(CN)63_  complex.  Reaching 
of  Fe  from  the  PVP  leads  to  loss  of  the  catalytic  activity.  Elec¬ 
trodeposition  of  small  Au  particles  has  proven  to  stabilize  the 
iron  catalyst  in  the  PVP  films. 

Although  this  article  concentrates  on  non-Pt  catalysts, 
some  electrode  designs  using  Pt  may  be  modified  for  non- 


Pt  systems.  Conventional  activated  carbon  loaded  with  dis¬ 
persed  Pt  has  been  used  as  the  staple  catalyst  as  a  highly 
active  catalyst  for  ORR.  However,  slow  transfer  of  oxygen 
and  proton  in  the  pores  hinders  the  electrode  reaction.  Triflic 
acid,  CF3SO2H,  was  added  into  the  pores  of  activated  car¬ 
bon  to  increase  the  proton  transfer  and  O2  diffusion  [65].  The 
activity  of  the  catalyst  layer  composed  of  dispersed  Pt  in  such 
carbon  substrate  has  increased  ca.  eight-fold  when  compared 
to  the  results  from  systems  with  conventional  carbon  sub¬ 
strate.  Electrode  potential  of  0.1-0.15  V  improvements  can 
be  attained.  Gas  diffusion  electrodes  are  used  in  most  PEMFC 
designs.  The  diffusion  layer  provides  a  physical  micro  porous 
base  through  its  channels  reactants  reach  the  catalyst  layer. 
A  hydrophobic  carbon  layer  immobilized  in  the  gas  diffusion 
electrode  has  been  studied  [66].  The  electrode  assembly  with 


Fig.  23.  CV  curves  of  an  electrode  made  of  Cu1.4Mn1.6O4  inside  PPy  matrix, 
doped  with  various  anions,  pH  2.2  (reproduced  from  [62]  by  permission  of 
Elsevier). 


B.  Wang  /  Journal  of  Power  Sources  152  (2005)  1-15 


13 


such  a  diffusion  layer  demonstrates  high  efficiencies  at  high 
current  densities,  yet  the  assembly  without  such  a  layer  per¬ 
forms  better  at  low  current  densities.  No  explanation  of  the 
mechanism  involved  is  given  in  the  article. 


5.  Outlook  for  ORR  catalyst  development 

Both  materials  chemistry  and  engineering  have  improved 
significantly  over  the  past  decade  or  so  in  the  ORR  cata¬ 
lyst  area.  Future  development  may  lead  to  highly  efficient 
and  economical  catalysts  with  these  features:  non-Pt  con¬ 
taining,  nanoparticle-based,  molecular-level  assemblies.  The 
nanometer  scale  distribution  of  catalyst  centers  on  electrode 
surface  seems  to  be  a  predominant  factor  for  high  catalytic 
activities.  This  fact  requires  the  employment  of  nanopartic¬ 
ulate  materials  as  the  catalysts.  When  such  small- size  thus 
small-mass  materials  are  used  as  the  electrode  catalysts,  the 
seemingly  cost  difference  between  some  very  inexpensive 
metals  (i.e.,  Cu,  Fe)  and  some  relatively  more  expensive 
ones  (i.e.,  Au,  Ag)  becomes  less  significant.  Therefore,  any 
selection  of  catalyst  materials  will  depend  more  so  on  per¬ 
formance  and  processing  cost.  Platinum  is  precluded  here 
because  of  its  scarcity,  not  just  because  of  its  cost.  The 
most  efficient  fabrication  of  nanoparticle  catalyst  is  through 
molecular-level  assembly.  The  combination  of  molecular- 
level  assembly  and  other  assisting  techniques  such  as  heat- 
treatment  may  afford  significantly  effective  systems  for  ORR 
catalysis. 
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